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Abstract

In this work, we modify existing models to simulate the kinetics of bainitic transformation during the bainitic isothermal transforma-
tion (BIT) stage of a typical two-stage heat treatment – BIT is preceded by an intercritical annealing treatment – for TRIP steels. This
effort is motivated by experiments performed in a conventional TRIP steel alloy (Fe–0.32C–1.42Mn–1.56Si) that suggest that thermo-
dynamics alone are not sufficient to predict the amount of retained austenite after BIT. The model implemented in this work considers
the non-homogeneous distribution of carbon – resulting from finite carbon diffusion rates – within the retained austenite during bainitic
transformation. This non-homogeneous distribution is responsible for average austenite carbon enrichments beyond the so-called T0 line,
the temperature at which the chemical driving force for the bainitic transformation is exhausted. In order to attain good agreement with
experiments, the existence of carbon-rich austenite films adjacent to bainitic ferrite plates is posited. The presence of this austenite film is
motivated by earlier experimental work published by other groups in the past decade. The model is compared with experimental results
and good qualitative agreement is found.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. TRIP-assisted steels

Low-alloy, high-ductility transformation-induced plas-
ticity (TRIP)-assisted steels constitute a possible cost-
effective strategy for vehicle weight reduction, which in turn
can significantly improve the fuel economy of the vehicle
fleet. Many works have shown TRIP-assisted steels to have
outstanding mechanical performance compared to other
low-cost steel alloys [1–3]. TRIP-assisted steels (with Fe–
C–Mn–Si as their main constituents) have a multi-phase
microstructure consisting of ferrite, bainite and martensite
as well as finite amounts of retained austenite (RA). In fact,
one of the key characteristics of these low-alloy steels is the
presence of the stabilized (retained) austenite phase, which

contributes to the enhancement of the overall ductility
through its martensitic transformation during deformation.
Since carbon is a very efficient austenite stabilizer, carbon
enrichment of RA wc

Cð Þ is a effective way to control the
stability of austenite while keeping the amounts of other
alloying elements at a minimum. With respect to the other
phases, the proper control of wc

C can improve the mechan-
ical properties – especially elongation [3–5] – of these steels.
In addition to the control of the stability of RA, optimal
design of multi-phase TRIP steels requires the accurate
control of the volume fraction (and microstructural fea-
tures) of the different constituent phases (ferrite, bainite
and martensite). This can in turn be achieved through the
careful design of appropriate heat treatments.

1.2. Two-stage heat treatment

Although there are many possible treatment strategies to
maximize the stability of the RA, as well as to control the
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www.elsevier.com/locate/actamat

Available online at www.sciencedirect.com

Acta Materialia 61 (2013) 2884–2894

http://dx.doi.org/10.1016/j.actamat.2013.01.032
mailto:rarroyave@tamu.edu
http://dx.doi.org/10.1016/j.actamat.2013.01.032


amount of other phases necessary to optimize the mechan-
ical response of TRIP-assisted steels, the most common
approach is a heat treatment that consists of two stages
[6,7,4]: first, an isothermal hold within the ferrite + austen-
ite two-phase field (intercritical annealing, IA), followed by
a rapid quench to a lower temperature at which the IA-aus-
tenite (partially) transforms isothermally into bainite (bain-
itic isothermal treatment, BIT), as shown in Fig. 1.

During IA, the initial pearlitic microstructure is dis-
solved, which results in a two-phase microstructure consist-
ing of austenite and ferrite. The microstructural change
during IA has two main functions: first, the formation of
ferrite contributes to the overall ductility of the alloy; sec-
ond, the partitioning of carbon from IA-ferrite to IA-aus-
tenite (ferrite has almost no C solubility) stabilizes the
latter against martensitic transformation upon quenching
to lower temperatures. After IA, the alloy is quenched
and held at a lower temperature (TBIT) to induce the (par-
tial) isothermal transformation of IA-austenite into bainite.
The formation of almost C-free bainitic ferrite results in
carbon rejection into the remaining austenite – provided
carbide formation is suppressed or retarded – which con-
tributes to the further stabilization of austenite upon
quenching to room temperature. This is a necessary condi-
tion in order to take advantage of the TRIP effect and the
enhanced ductility it provides.

Due to the importance of the BIT treatment in dictating
the carbon enrichment in austenite, considerable effort has
been dedicated to the understanding of the thermodynam-
ics and kinetics of this important phase transformation
[8–11]. Although there are still many aspects of the
transformation subject to debate, the incomplete nature
of bainitic transformation in many alloys over broad tem-
perature ranges is a phenomenon that has been widely
observed by many groups for a long time, so this phenom-
enon can be considered as given. On the other hand, the
physical reason for the interruption of this phase transfor-
mation is still a controversial matter.

Recently, Aaronson and collaborators [11] examined
different theories as well as experimental data, and con-
cluded that a possible explanation for the incomplete nat-
ure of the BIT reaction involves the cessation of growth

due to a coupled-solute drag effect accentuated by overlap-
ping carbon diffusion fields associated with nearby ferrite
crystals [11]. On the other hand, Bhadeshia and collabora-
tors [12,13] explained the incomplete nature of the BIT
reaction as a consequence of the partitionless nature of
the austenite–ferrite transformation, followed by partition-
ing of carbon into the residual austenite and the subsequent
exhaustion of the chemical driving force for the (partition-
less) face-centered cubic (fcc)! body-centered cubic (bcc)
phase transformation.

A prediction that follows from Bhadeshia’s argument is
a definite limit in the carbon enrichment of the remaining
austenite during bainitic transformation. In fact, using
thermodynamic arguments, it is suggested that one must
take the elastic energy barrier for the growth of bainite
plates into account. Bhadeshia estimated the barrier to be
about �400 J mol�1 between austenite and ferrite [13]. This
extra energy barrier leads to a further constraint in the
maximum carbon enrichment in austenite, and the locus
of this composition at different BIT temperatures is usually
denoted as T 00. Beyond this critical enrichment, the trans-
formation cannot continue. From comparisons between
experiments and thermodynamic models, because of the
non-homogeneous C-distribution, Chang and Bhadeshia
[14] also proposed that the maximum carbon enrichment
of austenite during BIT occurs when the carbon composi-
tion of austenite reaches the so-called T0 point, at which
the Gibbs energies of ferrite and austenite are equal. Over
the past few decades, many experiments have actually
shown that the level of enrichment of carbon in austenite
at the end of the (incomplete) BIT tends to be close to
the T0 or T 00 curves (see e.g. Ref. [11]).

Moreover, very recent atom probe tomography experi-
ments by Caballero et al. [15–18] on so-called “slow bai-
nite” show that bainitic ferrite is indeed supersaturated
with carbon – or at least has a much higher C concentra-
tion than would be expect if the bainite transformation
occurred through diffusional processes – at the early stages
of the transformation, providing further support for the
displacive (partitionless) nature of bainitic transformation,
at least in ultraslow bainite. It is reported that after
1273 K/15 min and 473 K/240 h the carbon content is as
high as 8–12 at.% (when wt.% is about 1.8–2.8), which is
a composition that lies between T 00 and paraequilibrium
Ae3 as the austenite film thickness (tA) is about 10–
50 nm; when tA is larger than 50 nm, the carbon content
is about 5–8 at.% (about 1.1–1.8 wt.%) [19]. These works
indicate that, within the thicker austenite film, the carbon
content is closer to w

T 0
0

C . In the present work, the analysis
of the BIT process assumes that the transformation is par-
tionless and that the thermodynamic arguments for the
interruption of BIT (i. e. T 00 curve) are valid.

1.3. Motivation for this work

As mentioned above, the fact that the driving force for
bainitic transformation can be exhausted at some point

Fig. 1. Schematic of the two-step heat treatment in TRIP-assisted steels.
IA: inter-critical annealing; BIT: bainite isothermal transformation; a:
ferrite; c: austenite; M: martensite; B: bainitic ferrite.
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